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Summary
The evolutionarily conserved apical determinant Crumbs
(Crb) is essential for maintaining apicobasal polarity and
integrity of many epithelial tissues [1]. Crb levels are crucial
for cell polarity and homeostasis, yet strikingly little is
known about its trafficking or the mechanism of its apical
localization. Using a newly established, liposome-based
system described here, we determined Crb to be an interac-
tion partner and cargo of the retromer complex. Retromer is
essential for the retrograde transport of numerous trans-
membrane proteins from endosomes to the trans-Golgi
network (TGN) and is conserved between plants, fungi, and
animals [2]. We show that loss of retromer function results
in a substantial reduction of Crb in Drosophila larvae, wing
discs, and the follicle epithelium. Moreover, loss of retromer
phenocopies loss of crb by preventing apical localization of
key polarity molecules, such as atypical protein kinase C
(aPKC) and Par6 in the follicular epithelium, an effect that
can be rescued by overexpression of Crb. Additionally,
loss of retromer results in multilayering of the follicular
epithelium, indicating that epithelial integrity is severely
compromised. Our data reveal a mechanism for Crb traf-
ficking by retromer that is vital for maintaining Crb levels
and localization. We also show a novel function for retromer
in maintaining epithelial cell polarity.
Results
We aimed to identify factors that interact with the cytoplasmic
domain of the type I transmembrane protein Crumbs (Crb) and
are involved in its trafficking. We devised a strategy to present
the Crb cytoplasmic tail on liposomes, a method uniquely
suited to recruit and identify coats, because it mimics the
native configuration of a receptor tail at themembrane/cytosol
interface [3, 4].
The Crb Intracellular Domain Interacts with Vps35
Proteoliposomes have been used successfully to identify coat
complexes and their accessory proteins [3, 4]; however, these
studies were restricted to short, chemically synthesized
peptides, which severely limited the length of the cytoplasmic
tail. To overcome this, we redesigned the recruitment assay
enabling the use of tails expressed and purified from E. coli.
We designed a bacterial expression plasmid containing an*Correspondence: knust@mpi-cbg.de (E.K.), t.wassmer@aston.ac.uk (T.W.)N-terminal tandem affinity tag followed by a tobacco etch virus
(TEV) protease cleavage site and a single cysteine for the
chemical coupling to liposomes, to which we fused the cyto-
plasmic tail of mouse Crb2 (amino acids R1246 to I1282)
(Figures 1A–1C; see also Supplemental Experimental Proce-
dures available online).
Because the levels of many transmembrane proteins are
regulated by sorting decisions in the early (sorting) endosome,
we incorporated phosphatidylinositol 3-phosphate, the
predominant inositol phospholipid of early endosomes [5],
into proteoliposomes to selectively enrich endosomal traf-
ficking proteins. These proteoliposomes were used for recruit-
ing cytosolic coat components and other interactors from
brain extract [3, 6], followed by protein identification by
tandem mass spectrometry (MS/MS). We chose Crb2,
because it is the predominantCrb gene expressed in the verte-
brate brain [7]. Importantly, the tails of all Crb proteins are
highly conserved (Figure S1A), suggesting that their trafficking
mechanisms may also be conserved. Mass spectroscopic
analysis confirmed that large amounts of Crb2 (w600 MS2
spectra) were coupled onto the liposomes. Themost abundant
protein isolated (as determined byMS2 spectra) with an estab-
lished role in the recognition and trafficking of transmembrane
cargoes was the retromer subunit Vps35 (41 MS2 spectra,
23.9% sequence coverage). In addition, we identified
Vps26B (6 MS2 spectra, 17.6% coverage). Western blotting
confirmed the presence of Vps35 in our Crb2 recruitment reac-
tions and showed it to be highly enriched relative to two inde-
pendent controls (described in the Supplemental Experi-
mental Procedures) (Figure 1D).
The mammalian retromer is composed of a cargo recogni-
tion subcomplex containing Vps35, Vps26, and Vps29 and
a membrane interacting subcomplex consisting of SNX1/
SNX2 and SNX5/SNX6 heterodimers [2]. Because both
Vps35 and Vps26 are crucial for cargo recognition and binding,
the recruitment data suggest that Crb2 is a retromer cargo.
To probe the hypothesis that Crb is a retromer cargo, we
performed internalization assays by overexpressing Flag-
hCrb2 in HeLa cells and analyzing the uptake of anti-Flag anti-
bodies, visualizing compartments through which Crb2 traffics.
Previous studies using the classical retromer cargo, the
cation-independent mannose-6-phosphate receptor (ciMPR),
have shown that retromer subunits and cargo decorate
tubules that emanate from endosomes and travel toward the
trans-Golgi network (TGN) [8–10]. We observed colocalization
of Crb2 with Vps35 on intracellular vesicles and tubules as well
as an overlap with ciMPR- and galactosyltransferase (GalT)
label (Figures S1B–S1F). These data suggest that in HeLa
cells, Crb2 travels in retromer-decorated tubules and can
traffic via the TGN. However, it should be noted that it does
not accumulate there like other retromer cargoes (e.g.,
ciMPR). Instead, Crb2 appears to undergo rapid transport
back to the plasma membrane. RNA interference (RNAi)
suppression of Vps35 in HeLa cells displays enhanced locali-
zation of Crb2 in lysosomal structures positive for Lamp-I
(Figures S1F–S1H), a phenotype described previously for
other retromer cargoes [11]. These data are all in line with
Crb being a potential retromer cargo.
Figure 1. The Crb Intracellular Domain Recruits Vps35
(A) Scheme of the Crumbs (Crb) tail expression construct.
(B) Chemical coupling reaction of the cysteine sulfhydryl introduced into the Crb2 tail with themaleimide-activated lipid anchor, resulting in Crb tail coupling
to liposomes.
(C) Coomassie-stained protein gel of the purified tandem-tagged Crb tail, cleavage of the tag, and coupling to liposomes that can be pelleted by centrifu-
gation. The tandem tag was designed to not contain any cysteines and therefore is not coupled to liposomes. The Crb peptide displays modified gel migra-
tion behavior after coupling, presumably caused by the covalently attached lipid.
(D) Western blot of two independent Crb recruitment assays probed with anti-Vps35 antibody (top) showing a strong recruitment of Vps35 in Crb samples
while being undetectable in two independent, negative controls (described in the Supplemental Experimental Procedures), despite relative underloading as
shown by Coomassie staining of the recruitments (bottom).
(E)Western blots from third-instar wild-type (WT) and Vps35[MH20] hetero- and homozygoteDrosophila larvae probed for Crb and tubulin as a loading control
demonstrating a dose-dependent loss of Crb (longer blot exposure times confirm that some Crb protein is still present in the Vps35[MH20] homozygote lane;
data not shown).
(F) PCR of Crb and eIF-4a using mRNA extracted from third-instar WT and Vps35[MH20] hetero- and homozygote Drosophila larvae, showing that Crb mRNA
levels are largely unaffected by loss of Vps35, suggesting that the dramatic reduction of Crb protein in Vps35mutant tissue occurs posttranscriptionally. In
the negative (neg.) control, cDNA was replaced with water.
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To study the functional interaction between Crb and retromer
in Drosophila, we used a previously generated null allele of
Vps35, Vps35[MH20] [12]. As a result of strong maternal contri-
bution, animals homozygous for this allele reach the third
larval instar [12], allowing us to analyze Crb in homozygous
mutants. Because retromer is required for the retrieval of
receptors from endosomes and thus the prevention of their
lysosomal degradation [11, 13], we analyzed total Crb levels
and found them to be reduced in Vps35[MH20] heterozygotethird-instar larvae compared to stage-matched wild-type
(WT) larvae and dramatically reduced in Vps35[MH20] homozy-
gotes (Figure 1E). Analysis of the mRNA levels of Crb showed
that loss of Vps35 has very little effect on crb transcripts (Fig-
ure 1F), suggesting that the dramatic reduction in Crb protein
we see is due to posttranscriptional regulation of Crb by
Vps35.
This led us to investigate Crb at a cellular level. For this, we
chose two different epithelia, wing discs of third-instar larvae
and the follicle epithelium. Clones of Vps35[MH20] mutant cells
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1113in wing disc epithelia, labeled with GFP using the mosaic anal-
ysis with a repressible cell marker (MARCM) system [14], were
induced by heat shock-Flp at early larval stages (confirmed in
Figures S2A and S2B). Crb localizes to the subapical region of
wing disc epithelial cells. In agreement with results from
western blot analysis, Crb staining is decreased in
Vps35[MH20] clones (Figure 2A). Quantification of the fluores-
cence intensity in the clone and in surrounding tissues re-
vealed that there is an w50% reduction in Crb signal within
Vps35[MH20] clones (Figures 2B and 2C). The wing discs of
Vps35[MH20] homozygous animals are small and show variable
morphological defects, presumably as a result of defective
Wingless secretion [15]. Analysis of Crb localization (by immu-
nofluorescence) and protein levels (by western blotting) in
Vps35[MH20] hetero- and homozygous wing discs corroborated
the data that we obtained using Vps35[MH20] clones and larval
lysate, respectively (Figures S2C–S2E).
The stability of the cargo-selective retromer subcomplex is
dependent on the presence of all of its components [8, 16].
To show that the loss of Crb we see is due to loss of retromer
function rather than just the loss of Vps35, we compared the
effect of Vps26 and Vps35 knockdown in the posterior
compartment of the wing disc using engrailed-Gal4 [17] to
drive UAS-Vps26RNAi and UAS-Vps35RNAi. Hedgehog expres-
sion, which is unperturbed by loss of retromer [12], served to
label the posterior compartment [18] (Figure 2D). Expression
of either RNAi construct resulted in a clear reduction of Crb
staining in the posterior compartment (w50% reduction in
fluorescence; Figures 2D and 2E). Expression of engrailed-
Gal4 alone had no effect on Crb (Figures 2D and 2E). From
these data, we conclude that the retromer cargo recognition
subcomplex is required for the maintenance of Crb levels.
Retromer Mutants Phenocopy crb Mutants in the Follicle
Epithelium
To further analyze the relation between Crb and retromer, we
turned to the follicular epithelium, which surrounds the germ-
line cysts of theDrosophila ovary. Previous work has identified
key roles for Crb in polarization of the follicular epithelium [19,
20]. Crb localizes to the entire apical membrane of the follicle
epithelial cells, with very little detectable in the cytoplasm
[19, 20] (Figure 3A). Vps35[MH20] clones show strong reduction
in Crb staining (Figure 3A) and protein loss from the apical
membrane. Interestingly, although Crb staining at the apical
membrane is strongly reduced, it is not detected at increased
levels within the cytoplasm, suggesting that Crb is not merely
mislocalized but reduced at the protein level, as shown in
larvae (Figure 1E). The cytoplasmic domain of Crb organizes
an apical, membrane-associated protein complex by recruit-
ing the scaffolding proteins Stardust (Sdt), DPATJ, and
DLin-7 [1]. Therefore, we assessed the apical localization of
Sdt in the follicular epithelium and found that it is heavily
reduced in Vps35[MH20] clones (Figure 3B). Probing whole
larval lysates from third-instar WT and Vps35[MH20] hetero-
and homozygotes for Sdt confirmed that at the protein level,
like Crb (Figure 1E), Sdt shows a dose dependence on Vps35
(Figure S3A). Thus, retromer function in maintaining Crb levels
and function is conserved between wing and follicle epithelia.
Interestingly, in some Vps35[MH20] clones, the strict mono-
layer structure of the epithelium is disrupted and the tissue
appears multilayered (Figure 3B), an indication of polarity
defects [21] and characteristic of loss of Crb at early stages
of follicle development [20], whereas loss at later stages
results only in the mislocalization of other polarity proteins,without affecting tissue integrity [19]. Multilayering was
observed in 19% of Vps35[MH20] clones in follicles between
stages 7 and 10 and did not appear to be dependent on clone
size or position. Given that various links between Crb and
Notch have been reported [22–25], we tested whether the mul-
tilayering phenotype observed in the follicle epithelium upon
loss of Vps35[MH20] could be the result of defective Notch
signaling. We analyzed the expression of Notch and Hindsight,
a transcription factor downstream of Notch signaling that
represses proliferation in the follicle epithelium [26], in
Vps35[MH20]mutant clones. Both showedwild-type expression
(Figures S3B and S3C), suggesting that Notch signaling is not
affected by loss of retromer, similar to previous findings in the
wing disc [12, 13, 27].
To test whether the loss of Crb in retromer mutants is due to
missorting of Crb to the lysosome, we incubated follicles
harboring Vps35[MH20] clones in leupeptin, a potent inhibitor
of lysosomal proteases [8]. After a 3 hr incubation, we
observed a dramatic accumulation of Crb in punctae within
the cytoplasm of Vps35[MH20] cells (Figure 3C), a phenomenon
that was not seen in WT tissue (Figure 3C) or in follicles con-
taining Vps35[MH20] clones that were incubated in control
medium lacking leupeptin (data not shown). Additionally,
colocalization of these intracellular Crb punctae with Lyso-
Tracker was observed (Figure S3D). Together with the reduc-
tion of Crb protein levels and constant crb mRNA levels in
Vps35[MH20] larvae and tissue, these data strongly suggest
that retromer ablation leads to lysosomal degradation of Crb,
as observed for other retromer cargoes [11, 13].
To test whether retromer functions after endocytosis of Crb,
we blocked internalization of Crb from the plasma membrane
by expression of a dominant-negative construct of shibire (dy-
namin) or by incubating follicles in dynasore, a dynamin inhib-
itor. In Vps35[MH20] clones, this resulted in the accumulation of
Crb at the plasma membrane (Figures S4A and S4B), confirm-
ing that retromer is indeed transporting Crb after internaliza-
tion from the plasma membrane.
Crb is required, together with atypical protein kinase C
(aPKC), to restrict Bazooka/Par3 to the zonula adherens, an
adhesion belt at the apex of epithelial cells, in the follicle epithe-
lium,and inphotoreceptorcells, thusexcluding it fromtheapical
membrane and specifying the border betweenapical and lateral
domains [19, 28]. In previous studies, it was shown that the
localization of aPKC and Par6 was dependent on Crb [19]. To
test whether loss of retromer phenocopies the loss of Crb, we
analyzed aPKC and Par6 localization in follicles containing
Vps35[MH20] clones. Indeed, the level of both proteins is reduced
at the apical surface in Vps35[MH20] clones (Figures 4A–4D).
Interestingly, unlike Crb and the Crb complex member Sdt,
Par6 and aPKC protein levels are not reduced in Vps35[MH20]
mutant larvae (Figure S3A). Therefore, it is likely that the loss
of Par6 and aPKC from the apical membrane of Vps35[MH20]
clones in the follicle epithelium is due to loss of cell polarity in
the absence of Crb rather than loss of the proteins themselves.
To test this, we overexpressed Crb in Vps35[MH20] clones.
Because overexpression of Crb causes defects in epithelial
cell polarity [29], we induced Crb overexpression using
GABFc204 Gal4, a follicle epithelium-specific driver that starts
expression late in follicle development (stage 8). Thereby, we
were able to rescue the apical localization of Par6 (Figures
4E and 4F) and Sdt (Figure S4C). This rescue did not appear
to be dependent on clone size or location. From these data,
we conclude that the loss of polarity observed in retromer
mutant clones is the direct result of loss of Crb.
Figure 2. Crb Is Reduced in Vps35[MH20] Mutant Clones and upon RNAi-Mediated Knockdown of Vps26 and Vps35
(A)Third-instarwingdiscpouchstained forGFP(markingVps35[MH20] tissue) andCrb.Whiteoutliningdepictsmutantclonesonlywithin thewingpouch todiffer-
entiate between those and cloneswithin the peripodialmembrane (the squamous cells above the pouchmarkedwith an asterisk). Scale bar represents 50 mm.
(B) High-magnification image of third-instar wing discs stained for GFP (denotes Vps35[MH20] tissue) and Crb. Scale bar represents 5 mm.
(C) Profile plot of fluorescence intensity from the boxed region in (B).
(D) Third-instar wing discs of engrailed-Gal4>Vps35RNAi and engrailed-Gal4>Vps26RNAi animals stained for Hedgehog (marking the posterior compartment
whereengrailed is expressed) andCrb.engrailedcontrol refers toengrailed-Gal4alone.White outlinedsectionsarequantified in (E). Scalebars represent 5mm.
(E) Quantification of the fluorescence intensity within the white outlined sections in (D), plotted along the A/P axis.
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Figure 3. Loss of Vps35 in the Follicle Epithelium Leads to Loss of Crb from Apical Membranes and Results in Multilayering
(A and B) Follicles containing Vps35[MH20] clones (labeled with GFP) stained for Crb (stage 7) (A) and Sdt (stage 9) (B). Multilayering in the mutant clone is
marked by an asterisk.
(C) Follicles containing Vps35[MH20] clones (labeled with GFP) incubated with the lysosomal protease inhibitor leupeptin for 3 hr and stained for Crb, showing
accumulation of Crb in punctae within the cytoplasm of mutant cells when lysosomal function is compromised (stage 10). Increased Crb staining marked
with an asterisk is likely due to increased Crb at the oocyte corners rather than at the apical pole of the follicular epithelium, often observed at this stage of
follicle development. Scale bar represents 5 mm.
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The identification of Crb as a retromer cargo confirms our
hypothesis that one crucial step in the regulation of Crb
occurs at the early (sorting) endosome and, importantly, fills
a gap in the current understanding of Crb trafficking. Previous
reports showed that transport of Crb to the plasma
membrane is reliant on Rab11 [30], the exocyst [31, 32], and
Cdc42 [33] in Drosophila embryonic epithelia. Internalization
of Crb from the plasma membrane into endosomes is medi-
ated by the syntaxin Avalanche and Rab5 [34]. Here we
show that retromer is responsible for sorting Crb away from
the degradative pathway and into a recycling one, thus allow-
ing a high level of control over the amount of cellular Crb,
previously shown to be vital for maintaining epithelial polarity
and integrity, as demonstrated by numerous loss- and gain-
of-function studies [29, 34–36]. Interestingly, retromer was
previously shown to play a role in the apical delivery of the
polymeric immunoglobulin receptor (pIgR) in Madin-Darby
canine kidney cells [16]. However, as for Crb, it remains
unclear whether this transport occurs via the TGN, via recy-
cling endosomes, or through alternative pathways. The exact
trafficking itinerary of Crb following recycling by retromer
remains unclear and may depend upon the purpose of Crb
recycling.Which function of Crb is the prime target of retromer-driven
retrieval? Is this a Crb level-sensing mechanism, in which ret-
romer regulates the amount of protein at the plasma
membrane, which is crucial for cell homeostasis? To date, all
known functions of Crb require an intact Crb complex. By
controlling the recycling of Crb and thereby its level at the
plasma membrane, retromer could define the amount of Crb
available for complex formation. Alternatively, it is tempting
to speculate that Crb, much like Wntless (Wls), acts as a trans-
port receptor and that apical delivery of its (yet to be identified)
ligand or many ligands is the main purpose of its recycling to
the TGN. These are fascinating hypotheses that will be the
focus of future research.
Supplemental Information
Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.
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